Lentimicrobium saccharophilum gen. nov., sp. nov., a strictly anaerobic bacterium representing a new family in the phylum Bacteroidetes, and proposal of Lentimicrobiaceae fam. nov.
A novel, strictly anaerobic, short rod-shaped bacterium, designated strain TBC1 T , was isolated from methanogenic granular sludge in a full-scale mesophilic upflow anaerobic sludge blanket reactor treating high-strength starch-based organic wastewater. Cells of this strain were 2-4 µm long and 0.4-0.6 µm wide. They were non-motile and Gram-stain-negative. The optimum growth temperature was 30-37 C, with a range of 20-40 C. The optimum pH for growth was around pH 7.0, while growth occurred in a range of pH 6.5-9.0. Strain TBC1
T grew chemoorganotrophically on a narrow range of carbohydrates under anaerobic conditions. Yeast extract was required for its growth. The major fermentative end products from glucose, supplemented with yeast extract, were acetate, malate, propionate, formate and hydrogen. Doubling time under optimal growth conditions was estimated to be 1 day. The DNA G+C content of strain TBC1 T was 49.2 mol% as determined by HPLC. Major cellular fatty acids were C 16 : 0 , C 18 : 0 , C 16 : 1 !9c and C 18 : 1 !9c. Based on its 16S rRNA gene sequence, strain TBC1 T was shown to represent a distinct lineage at the family level in the phylum Bacteroidetes. Among previously described species of this phylum, Mucilaginibacter boryungensis BDR-9 T (Sphingobacteriaceae) displayed the highest sequence similarity (85.9 %) with strain TBC1 T . Phylogenomic analyses using 38-83 single copy marker genes also supported the novelty of strain TBC1
T at the family level. Based on its characteristics, strain TBC1 T (=JCM 30898 T =DSM 100618 T ) is considered to be the type strain of a novel species of a new genus, Lentimicrobium saccharophilum gen. nov., sp. nov. A new family, Lentimicrobiaceae fam. nov., is also proposed encompassing the strain and related environmental 16S rRNA gene clone sequences.
Members of the phylum Bacteroidetes are distributed widely in the environment and are especially common in organicrich anoxic ecosystems. Examples of such ecosystems include the animal gut and anaerobic waste/wastewater treatment systems, where uncultivated members of the Bacteroidetes are often present in abundance (Faithet al., 2013; Xiao et al., 2015) . Within the Bacteroidetes, more than 30 putative family-level clades can be recognized in the latest version of the Greengenes database (release 05_13; McDonald et al., 2012) ; approximately half of these groups contain cultured representatives. In the current bacterial taxonomy, the phylum Bacteroidetes contains the following 17 validly described families with cultured strains: Bacteroidaceae, Blattabacteriaceae, Flavobacteriaceae, Flammeovirgaceae, Chitinophagaceae, Cryomorphaceae, Cytophagaceae, Draconibacteriaceae, Marinilabiliaceae, Rikenellaceae, Porphyromonadaceae, Prevotellaceae, Prolixibacteraceae, Rhodothermaceae, Sphingobacteriaceae, Saprospiraceae and Schleiferiaceae (Krieg et al., 2011) . The rest of the familylevel lineages are, however, represented solely by environmental 16S rRNA gene sequences; the physiology and ecological roles of these uncultured Bacteroidetes thus remain largely unknown. We recently isolated various anaerobes from granular sludge in a mesophilic upflow anaerobic sludge blanket (UASB) reactor treating high-strength organic wastewater, including Flexilinea flocculi Sun et al., 2015) and one undescribed bacterium (strain TBC1) . Previous preliminary analysis based on its 16S rRNA gene sequence using the Greengenes database tentatively indicated that strain TBC1 represents a distinct lineage within the order Bacteroidales, for which the name 'BA008' is given as an uncultured family-level taxon in the database . In this report, we describe the isolation, characterization and detailed phylogenetic placement of strain TBC1
T . Based on its characteristics, we propose that strain TBC1 T (=JCM 30898 T =DSM 100618 T ) represents a novel species of a new genus, for which we suggest the name Lentimicrobium saccharophilum gen. nov., sp. nov. Our results also supported the proposal to create a new family to embrace members of the group 'BA008' in the phylum Bacteroidetes, namely Lentimicrobiaceae fam. nov.
Methanogenic granular sludge in a full-scale, high-rate, mesophilic (37 C) UASB reactor treating high-strength starch-based organic wastewater discharged from a sweet corn canning plant was used for isolation of strain TBC1 T . The basal medium and experimental procedures described previously were used for all cultivations. All incubations were performed at 37 C under an atmosphere of N 2 /CO 2 (80 : 20, v/v) , in the dark and under static conditions, unless otherwise described. A primary enrichment culture was established by inoculating serially diluted cells from the granular sludge in basal medium supplemented with glucose (1 mM) and yeast extract (0.1 %, w/v). The growth of cells was observed after 8 days of incubation. Following repeated transfers to fresh medium, a stable culture dominated by short rod-shaped cells with round edges was obtained. The growth rate of the cells remained slow after repeated successive transfers; cell growth could be observed after 1 week of incubation. Individual cells were isolated using the roll-tube technique with glucose-yeast extract medium supplemented with purified agar (20 g agar noble l
À1
; Difco), resulting in the formation of small, white, smoothly rounded colonies with a diameter of 0.5 mm after 2 weeks of incubation. A single colony was picked and transferred to fresh liquid medium, resulting in the growth of cells with the same morphology after 7 days of incubation. Additional purification using the roll-tube technique was performed, and a pure culture of the rodshaped cells, designated strain TBC1
T , was established. Purity of the culture was verified by microscopy and further confirmed by the lack of putative contaminant sequences in DNA shotgun sequencing data of genomic DNA extracted from the culture .
Observation of cell morphology of strain TBC1
T was performed for exponential-phase cultures with a phase-contrast microscope (Olympus AX80T). Cells of strain TBC1 T were immobilized on agar-coated slides (Pfennig & Wagener, 1986 ). Cells showed a short-rod morphology with round edges; width was around 0.4-0.6 µm and length was around 2-4 µm (Fig. 1a,b) . Gram-staining was done by Hucker's method (Doetsch, 1981) , indicating that cells of strain TBC1
T were Gram-stain-negative. Thin-section electron microscopy was performed as described previously (Sekiguchi et al., 2003) . Briefly, thin sections (80 nm) of cells of the strain were made with an ultramicrotome (Leica EM UC7) and stained with uranyl acetate and lead citrate; they were then examined using a transmission electron microscope (Hitachi H-7600). Electron microscopy demonstrated that cells of strain TBC1
T possessed a Gramnegative-type cell wall structure, with three electron-dense layers probably representing the outer membrane, peptidoglycan and cytoplasmic membrane (Fig. 1b,c) . Motility of the cells was evaluated as described previously ; no motility was observed under all conditions tested.
Optimal growth conditions were determined by cultivating cells in basal medium supplemented with 20 mM glucose and 0.1 % yeast extract, at varying temperature, pH and NaCl concentrations. All cultivations were set up in duplicate with 2 % (by volume) of inoculum. Growth was confirmed based on the increase in optical density (OD 400 ) after 2 weeks of incubation. Growth was evaluated at 15, 20, 25, 30, 37, 40, 45, 50 and 60 C. The optimum growth temperature for strain TBC1
T was 30À37 C, with a growth range of 20À40 C. The pH of the medium was adjusted at room temperature to pH 5.1À11.2 using HCl and NaOH under a 100 % N 2 atmosphere. Growth was detected in a pH range of 6.5À9.0, and optimal growth occurred at neutral pH (pH 7.0). Salt concentration up to 5 g NaCl l À1 did not inhibit growth, while it was moderately inhibitory at 10 g l À1 ; the cells failed to grow at an NaCl concentration of 15 g l
.
Growth and substrate utilization of strain TBC1
T were tested using the basal medium supplemented individually with autoclaved or filter-sterilized compounds such as proteins, sugars, alcohols, aromatic compounds and volatile fatty acids. All substrates and electron acceptors were prepared according to a previous study . Each substrate was added at a final concentration of 20 mM unless otherwise specified. Cultivations were performed in duplicate under optimal growth conditions (pH 7.0, 37 C and 0 % NaCl) with 2 % (v/v) of inoculum. Growth and substrate utilization were determined after 2 weeks of incubation by measuring the increase in OD 400 and generation of hydrogen and acetate. All chemical analyses were performed as described previously , including measurement of hydrogen and methane by GC and fermentative end products, such as acetate and lactate, by HPLC. Substrate utilization was evaluated in both the presence and the absence of 0.1 % yeast extract. Strain TBC1 T was a strictly anaerobic micro-organism; no growth was observed in the presence of oxygen in the gas phase (1-20 %, v/v). Yeast extract (0.1 %, w/v) was required for growth of strain TBC1
T . In the presence of yeast extract, growth and fermentative end product formation were observed with glucose, ribose, sucrose, maltose, mannose, pyruvate and starch (5 g l
). Yeast extract alone did not support growth. In addition, no growth was found with the following compounds in the presence of yeast extract: galactose, arabinose, fructose, raffinose, xylan, pectin, betaine, tryptone (0.1 %, w/v), peptone (0.1 %, w/v), Casamino acids (0.1 %, w/v), crotonate, fumarate, succinate, acetate, formate plus acetate (10 mM), hydrogen (1 atm) plus acetate (10 mM), lactate, glycerol, propionate, butyrate, ethanol, methanol, 1-propanol and benzoate (5 mM). Major fermentative end products in the medium containing glucose (20 mM) and yeast extract (0.1 %) were acetate, malate, propionate, formate and hydrogen; the ratio of end product formation, normalized per electron, was 1.0 : 0.6 : 0.2 : 0.1 : 0.1. Strain TBC1
T was not able to utilize sulfate (20 mM), sulfite (5 mM), thiosulfate (20 mM), nitrate (20 mM), fumarate (20 mM), elemental sulphur or Fe(III)-nitrotriacetic acid (5 mM) as electron acceptors in medium supplemented with glucose (20 mM) and yeast extract (0.1 %). Cell doubling time was estimated to be 1 day under optimal growth conditions (glucose plus yeast extract medium, 37 C, pH 7.0, 0 % NaCl). Syntrophic growth was assessed by co-cultivation of strain TBC1
T with the hydrogen/formate-consuming methanogen Methanospirillum hungatei DSM 864 T . This experiment was performed with 20 mM glucose and 0.1 % yeast extract, with a pre-grown culture of M. hungatei added to the vials (2 % inoculum by volume) prior to cultivation. No significant differences in growth rate and yield of cells of strain TBC1 T were observed in the co-culture as compared with an axenic culture, although hydrogen formed by the strain was consumed to form methane by the methanogens. In the coculture, the ratio of end product formation (normalized per electron) was as follows: acetate (1.0), malate (0.1), propionate (0.1) and methane (0.5) with low concentration of formate and hydrogen (<0.1).
For fatty acid methyl ester analysis, cells were harvested from cultures grown in basal medium supplemented with 20 mM glucose and 0.1 % yeast extract. Analysis was performed using a GC-MS device by converting cellular fatty acids to methyl esters by HCl/methanol treatment (Hanada et al., 2002) . The major fatty acids were C 16 : 0 (40.9 %), C 18 : 0 (21.3 %), C 16 : 1 !9c (20.1 %) and C 18 : 1 !9c (8.5 %). C 17 : 0 (2.5 %), C 16 : 1 !9t (2.5 %), C 14 : 0 (1.6 %), C 18 : 1 !9t (1.6 %) and C 20 : 1 !11c (1.0 %) constituted the minor fatty acids.
Based on its draft genome, the genomic DNA G+C content of strain TBC1
T was estimated to be 46.7 mol% . For the experimental determination of DNA base content, genomic DNA of strain TBC1
T was extracted and purified according to Kamagata & Mikami (1991) . The G+C content was determined by HPLC (Shimadzu LC-6A) with a UV detector as described elsewhere (Shintani et al., 2000) . The DNA G+C content was determined to be 49.2 ± 0.1 mol% (mean ± SD of triplicate measurements), which is largely consistent with the value estimated based on the genome sequence.
The 16S rRNA gene sequence of strain TBC1
T was previously reported . Briefly, DNA was extracted from the culture according to the method of Hiraishi (1992) . The 16S rRNA gene (nearly full length) was amplified using the primers BAC8F (5¢-AGAGTTT-GATCCTGGCTCAG-3¢) and UNI1492R (5¢-TACGGY-TACCTTGTTACGACTT-3¢) as described previously . PCR products (~1.5 kb) were purified with the QIAquick PCR Purification Kit (Qiagen). Sequencing was conducted using the ABI PRISM BigDye Terminator V3.1 Cycle Sequencing Kit on an automated sequence analyser (3500 Genetic Analyzer; Applied Biosystems) according to the manufacturer's instructions. A total of 1446 nt was determined (accession no. LC049960). For phylogenetic analysis, Bacteroidetes-related 16S rRNA gene sequences, including 'BA008' environmental clone sequences, were obtained from the All-species Living Tree Project (LTP, release s119, Yarza et al., 2010) and Greengenes (release 05_13; McDonald et al., 2012) databases. The 16S rRNA gene sequences of strain TBC1
T and environmental clones in the Greengenes database were aligned by PyNAST (Caporaso et al., 2010) using the LTP database as reference; the alignment was manually corrected using the ARB EDIT tool in the ARB software package (Ludwig et al., 2004) . Sequences (longer than 1300 nt) representing various family-level taxa in the phylum were selected in ARB and their alignments were exported with lane mask filtering. Neighbour-joining trees based on LogDet distance were computed using PAUP* 4 (Swofford, 2003) with 1000 bootstrap resamplings. Maximum-parsimony trees were calculated by PAUP* 4 using a heuristic search (random stepwise addition sequence of ten replicates, nearest-neighborinterchange swapping). Bootstrap analyses for the maximum-parsimony trees were run with 1000 times resampling. Maximum-likelihood trees were built using RAxML v8 (GTR and Gamma models + I) with rapid 1000 time bootstrapping. The trees were visualized and inspected in ARB. As shown in Fig. 2(a) , strain TBC1
T reproducibly formed a monophyletic group with members of the 'BA008' cluster. This clade contains environmental 16S rRNA gene sequences from diverse anoxic ecosystems, such as anaerobic digesters, sediments and contaminated aquifers (e.g. Dojka et al., 1998; Rivi ere et al., 2009) . Among cultured strains, TBC1
T displayed the highest sequence similarity to strain 4F6B (accession no. AB623230, 99.1 %, Fig. 2a) , the record of which indicates it is an anaerobic bacterium previously isolated from a Japanese paddy field. This high sequence similarity suggests that both strains may have a similar genotype (and phenotype). Unfortunately, strain 4F6B has been lost during its preservation (A. Tonouchi, personal communication), and comparative analysis is hence no longer possible. Validly described strains displayed much lower 16S rRNA gene sequence similarities (<86 %) with strain TBC1
T . The highest sequence similarity was found with Mucilaginibacter boryungensis BDR-9 T in the family Sphingobacteriaceae (HM061614, 85.9 %). This level of similarity was sufficiently low to suggest creating a new genus in the phylum (Stackebrandt & Goebel, 1994) . In our analyses, the group 'BA008' did not reproducibly form a monophyletic group with other known families, including Sphingobacteriaceae, and orders in the phylum (Fig. 2a) , indicating that strain TBC1 T belongs to a distinct lineage within the phylum Bacteroidetes at least at the family level. We note that strain TBC1
T was suggested to be a member of the order Bacteroidales based on our previous preliminary phylogenetic analysis using the Greengenes database. The analysis presented here, however, indicates that the strain does not have a reproducible association with the Bacteroidales (Fig. 2a) , suggesting that the lineage of the strain forms a new taxon at the order level.
Phylogenetic relationships among members of the phylum Bacteroidetes and strain TBC1 T were further assessed using the draft genome of strain TBC1 along with other finished and draft genomes representing the major families in the phylum. From these genomes, 38 (Darling et al., 2014) or 83 single-copy marker gene products (Soo et al., 2014) were extracted using Hidden Markov Model searches as described previously . Homologous protein sequences predicted from these genes were then aligned using hmmalign in HMMER3, and subsequently concatenated. A mask was generated for the concatenated amino acid alignment using Gblocks (Talavera & Castresana, 2007) with only conserved positions found in more than half of the sequences considered. All tree topologies were tested for robustness using the maximum-likelihood methods from FastTree v2 (with default parameters, JTT model, CAT approximation) (Price et al., 2010) and RAxML v8 (JTT and Gamma models with rapid 100 times bootstrapping) (Stamatakis, 2006) . The PHYLIP SEQBOOT module (Felsenstein, 1989) was used to generate 100 resampled alignments and FastTree was used to analyse the resampled alignments (-n 100). A script (CompareToBootstrap.pl) included in the FastTree package was used to compare the original tree with the resampled trees and generate bootstrap values. Phylogenies inferred from the two sets of marker proteins were broadly consistent with the phylogeny based on the 16S rRNA gene, showing that strain TBC1 T forms a distinct line of descent within the phylum, at least at the family level (Fig. 2b, c) . Based on the genome trees, the strain reproducibly associated with members of the orders Bacteroidales and Flavobacteria (Fig. 2b, c) . While strain TBC1 T appears to be phylogenetically more closely related to members of the Bacteroidales, additional genome sequences of closely related organisms are needed to better resolve the order-level phylogeny and taxonomy of these clades. T shared 47.0-53.9 % AAI with other Bacteroidetes genomes, which represent mostly class-to order-level differences in the current bacterial taxonomy (Konstantinidis & Tiedje, 2005) . The highest AAI value for strain TBC1 T was found with Prolixibacter bellariivorans ATCC BAA-1284 T (Proxibacteriaceae, Holmes et al., 2007) .
We note that the annotation of the genome of strain TBC1 T using the Integrated Microbial Genomes system (Markowitz et al., 2014) predicted a vast number (>150) of genes encoding proteins with the Por secretion system C-terminal sorting domain. Orthologous genes of the major gene components of the Por secretion system (PorK, PorL, PorM, PorN, PorP, PorT, PorW, PorX, PorY and Sov genes of Porphyromonas gingivalis ATCC 33277, AP009380) were also identified in the TBC1 T genome. Previously, it has been proposed that proteins with the conserved C-terminal domain (CTD) are secreted by the Bacteroidetes-specific Por secretion system (Sato et al., 2010; McBride & Zhu, 2013) , suggesting that strain TBC1
T may have a complex set of cell surface proteins, secreted by this system. It has also been suggested that CTD-containing proteins are covalently linked to LPS on the cell surface (Slakeski et al., 2011) . In fact, we observed electron-dense materials surrounding the surface of the cells (Fig. 1b) , suggesting the presence of LPS on their cell surface. This was confirmed by the positive staining of cells of strain TBC1
T with a fluorescently labelled lectin (concanavalin A from Canavalia ensiformis; SigmaAldrich) (Fig. S1 , available in the online Supplementary least one of the inferences yielded a bootstrap value of <70 % were not labelled. Bar, 2 % estimated sequence divergence. Family-level clades are indicated by vertical lines on the right of the tree. Family-level groups that were estimated to be monophyletic groups in the analysis are bracketed with a solid line, while groups whose monophyly were not resolved in the analysis are shown with a dotted line. (b) Maximum-likelihood phylogenetic inference of representative genomes of the phylum Bacteroidetes. The tree was built using RAxML based on up to 38 universally conserved proteins. Reproducible associations (closed circles, >95 % bootstrap support; open circles, >85 %) are indicated on the interior nodes. Accession numbers of genomes (IMG or DDBJ/EMBL/GenBank databases) are shown in parentheses. Alignments of homologous proteins from Chlorobi genomes were used to root the tree (not shown). Bar, 20 % estimated sequence divergence. Family-level groups are indicated as described for (a). (c) Maximum-likelihood phylogenetic inference of representative genomes of the phylum Bacteroidetes. The tree was created as for (b), except that the tree was computed based on up to 83 proteins broadly conserved among bacteria. Family-level groups are indicated as described for (a). Bar, 20 % estimated sequence divergence.
Material). Furthermore, we often observed that some cells in liquid cultures showed poor settleability by centrifugation (10 000 g); electron microscopic inspection of the poorly settleable cell population indicated that these cells contain a large amount of electron-dense, fluffy, polymerlike substance outside their cells (Fig. 1c) . The CTD-containing proteins predicted to be encoded in the genome may play a role in the formation of these polymer structures. Future experiments are needed to determine the composition and function of the extracellular polymer-like materials.
Taken together, the phylogenetic, genomic and phenotypic characteristics of strain TBC1
T justified the creation of a new taxon at the family level. We propose that strain TBC1 T is a representative of Lentimicrobium saccharophilum gen. nov., sp. nov., and belongs to a new family, Lentimicrobiaceae fam. nov.
Description of Lentimicrobium gen. nov.
Lentimicrobium [Len.ti.mi.cro'bi.um. L. adj. lentus slow; N. L. neut. n. microbium (from Gr. adj. mikros small and Gr. n. bios life) a microbe; N.L. neut. n. Lentimicrobium slow growing microbe].
A strictly anaerobic, mesophilic, neutrophilic, slow-growing bacterium. Cells are non-motile. Short rod-shaped. Gram staining reaction is negative. The major fatty acids are C 16 : 0 , C 18 : 0 , C 16 : 1 !9c and C 18 : 1 !9c. The DNA G+C content is around 50 %. Phylogenetic position is in the phylum Bacteroidetes. The type species is Lentimicrobium saccharophilum.
Description of Lentimicrobium saccharophilum sp. nov.
Lentimicrobium saccharophilum [sac.cha.ro'phi.lum. Gr. n. sakchâr sugar; N.L. neut. adj. philum (from Gr. neut. adj. philon friend) loving; N.L. neut. adj. saccharophilum sugarloving].
Cells are 2-4 µm long and 0.4-0.6 µm wide. Yeast extract is required for growth. In the presence of 0.1 % yeast extract, growth occurs with glucose, ribose, sucrose, maltose, mannose, pyruvate and starch (5 g l À1 ). Yeast extract (0.1 %) alone does not support growth. The following substrates are not utilized: galactose, arabinose, fructose, raffinose, xylan, pectin, betaine, tryptone (0.1 %), peptone (0.1 %), Casamino acids (0.1 %), crotonate, fumarate, succinate, acetate, formate plus acetate (10 mM), hydrogen (1 atm) plus acetate (10 mM), lactate, glycerol, propionate, butyrate, ethanol, methanol, 1-propanol and benzoate (5 mM). The following compounds are not utilized as electron acceptor: sulfate, sulfite, thiosulfate, nitrate, fumarate, elemental sulphur and Fe(III)-nitrotriacetic acid. Growth is observed between 20 and 40 C with optimum growth at 30-37 C. Growth is observed at pH 6.5-9.0 with optimum growth at pH 7.0.
The type strain is TBC1 T (=JCM 30898 T =DSM 100618 T ), which was isolated from methanogenic granular sludge in a full-scale mesophilic UASB reactor treating high-strength starch-based organic wastewater. The DNA G+C content of the type strain is 49.2 mol% (HPLC).
Description of Lentimicrobiaceae fam. nov.
Lentimicrobiaceae (Len.ti.mi.cro.bi.a.ce'ae. N.L. neut. n. Lentimicrobium type genus of the family; suffix. -aceae ending to donate a family; N.L. fem. pl. n. Lentimicrobiaceae the family of the genus Lentimicrobium).
Cells are Gram-stain-negative. The family is a member of the phylum Bacteroidetes. The type genus of the family is Lentimicrobium.
